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ABSTRACT
Flowers, Rachel Lynne. Effects of dietary creatine monohydrate supplementation on
doxorubicin-induced hydrogen peroxide-mediated global cysteine sulfenylation of rat
cardiac tissue. Unpublished Master of Science Thesis, University of Northern Colorado,
2022.
Creatine monohydrate is prolifically used as an ergogenic aid but is less commonly used
for its antioxidant properties. The use of creatine, as an antioxidant, has been studied in multiple
disease domains as an intervention to improve skeletal muscle quality for Duchenne muscular
dystrophy by impacting calcium ion sensitivity in myocytes, Huntington’s disease by facilitating
regulation of succinate dehydrogenase in the citric acid cycle and amyotrophic lateral sclerosis
by positively impacting muscular atrophy. Reactive oxygen species (ROS) impact both
physiological and pathophysiological roles in aerobic life such that an imbalance to the redox
environment of the cell can cause intracellular eustress or distress. Doxorubicin (DOX), a highly
effective anti-tumor antibiotic chemotherapeutic, is incorporated into more than half of all breast
cancer and two thirds of pediatric cancer treatment plans but is highly cardiotoxic and negatively
impacts cancer survivorship. Although the mechanistic pathophysiology of anthracyclineinduced cardiotoxicity is not completely understood, there is evidence of doxorubicin-induced
reactive oxygen species distress in cardiomyocytes leading to either acute and or chronic left
ventricular dysfunction. Creatine monohydrate’s potential to act as a direct antioxidant underpins
the purpose of this study to investigate global doxorubicin-induced hydrogen peroxide-mediated
cysteine sulfenylation (S-sulfenylation) of left ventricle muscle tissue of Sprague-Dawley rats
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with dietary creatine monohydrate supplementation and doxorubicin treatment using a
dimedone-based chemoselective labeling technique.
Ten-week-old male Sprague-Dawley rats were randomly assigned to one of two, fourweek creatine feeding groups or a control, four-week standard rat chow group. Creatine group
one (Cr1) were fed rodent chow with two percent creatine monohydrate ad libitum for a duration
of four weeks and creatine feeding group two (Cr2) and were fed rodent chow supplemented
with four percent creatine monohydrate ad libitum for one week, followed by three weeks of two
percent creatine monohydrate-supplemented chow. At the completion of the four-week
nutritional intervention; Cr1 and Cr2 group animals received 15 mg/kg DOX injections
(Cr1+Dox, Cr2+Dox) and control group animals were randomly assigned into a 15 mg/kg DOX
injection group (Con+Dox) or a sterile saline injection group (Con+Sal) and continued their
respective dietary feeding protocols. Animals were sacrificed at five-days post-injection, the
heart was excised, and tissues were analyzed by Western Blotting to quantify global cysteine
sulfenylation. One-way ANOVA results showed that there were no significant differences in
global S-sulfenylation between groups (F= 1.146, p>0.05). There was a significant difference
between a prominent single protein band and Tukey’s post hoc analysis revealed that the
Control+Sal group had significantly higher S-sulfenylation compared to the Control+DOX group
(F=3.259, p<0.05). A marked increase in S-sulfenylation was also observed among the single
dark protein band such that the Control+DOX group had the lowest S-sulfenylation with an
increase observed in Cr1+DOX and higher still in Cr2+DOX group.
The main finding of this study is that there was not a statistically significant difference
from a maladaptive to adaptive hydrogen peroxide-mediated reactive oxygen species stress
response as measured in the form of global cysteine sulfenylation; however, there was a protein
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band identified that exhibited significantly higher S-sulfenylation in Control+Sal compared to
Control+DOX. In comparison to Control+DOX, there was a minor and marked increase in Ssulfenylation in both Cr1+DOX and Cr2+DOX (respectively). These results indicate that the
post-translational sulfenome of rat cardiac tissues supplemented with dietary creatine
monohydrate and/or treated with DOX did not exhibit significant differences in global cysteine
sulfenylation.
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CHAPTER I
INTRODUCTION
Creatine was first discovered in 1832, by French scientist Cheverul, and 150 years later,
it debuted as an ergogenic aid in the summer Olympics of 1992 in Barcelona, Spain (Tokish et
al., 2004). Creatine is a naturally occurring compound synthesized, primarily in the liver, from
glycine, arginine, and methionine and is also found in animal meat products. Creatine plays a
valuable metabolic role in the phosphagen system, a cellular energy system, to shuttle phosphate
molecules to adenosine diphosphate (ADP) during high ADP concentrations and low adenosine
triphosphate (ATP) concentrations in the cellular environment (Tokish et al., 2004). At the heart
of the phosphagen system is the reaction: phosphocreatine +ADP à ATP + creatine facilitated
enzymatically by creatine kinase. Creatine phosphate is stored in muscle tissue waiting to be
consumed during high intensity, all out exercise. The phosphagen system is the predominant
energy system used to replenish ATP stores during the first few seconds of high intensity
exercise but has a low capacity and ATP yield unlike other anaerobic and aerobic metabolic
systems. (Bredahl & Hydock., 2017).
In addition to creatine’s potential to increase muscular performance through the
phosphagen energy system resulting in increased time until muscular fatigue and force
production, creatine has also been shown to protect against intracellular oxidative stress and act
as a direct antioxidant (Bredahl & Hydock., 2017; Lawler et al., 2002.) The antioxidant
properties of creatine have been studied in multiple disease domains as an intervention to
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improve skeletal muscle quality for Duchenne muscular dystrophy by impacting calcium ion
sensitivity in myocytes, Huntington’s disease by facilitating regulation of succinate
dehydrogenase in the citric acid cycle and amyotrophic lateral sclerosis by positively impacting
muscular atrophy (Derave et al., 2003; Felber et al., 2000; Matthews et al., 1998).
Creatine’s potential to act as a direct antioxidant in the intracellular environment provides
the opportunity to reduce reactive oxygen species (ROS) stress and potentially mitigate
deleterious effects of high intracellular ROS stress (Bredahl & Hydock, 2017). Reactive oxygen
species are formed as byproducts from aerobic cellular processes and in high concentrations
(greater than 1 µm intracellular, and 100 µm extracellular) cause cellular distress such as
fibrogenesis, tumor growth, metastasis, growth arrest and even programmed cell death (Schieber
& Chandel, 2014; Sies, 2017). Common ROS include superoxide anion (O2-), hydrogen peroxide
(H2O2) and hydroxyl radicals (OH•) and have a chemically reactive potential to oxidize cellular
molecules such as lipids, proteins and DNA (Schieber & Chandel, 2014). The intracellular milieu
is an inherently oxidized environment due to aerobic cellular mechanisms in the mitochondria
such as the citric acid cycle and the electron transport chain where superoxide is produced from
molecular oxygen and subsequently quenched by superoxide dismutases (SODs) to form
hydrogen peroxide (Schieber & Chandel, 2014).
Hydrogen peroxide is currently recognized as one of the most prolific transcriptionindependent redox signaling metabolites in the intracellular environment along with calcium ions
and ATP (Sies, 2017). Furthermore, hydrogen peroxide has the potential to diffuse through cell
membranes, in both the intra and extracellular environment to initiate immediate cellular
responses and signaling cascades. Redox signaling in low concentrations has the potential to
cause oxidative eustress an example of which is hydrogen peroxide mediated oxidation of

3
cysteine thiol protein residues (Schieber & Chandel, 2014; Sies, 2017). Cysteine is highly
susceptible to post-translational protein modifications such as sulfenylation because of its
reactive thiol sidechain (Pan & Carroll, 2014). Sulfenylation reactions, are reversible, unlike
sulfinyl or sulfonalation which occur at higher hydrogen peroxide concentrations but can cause
harm to protein efficacy and potentially reduce protein function or renders it inert. Proteins with
cysteine residues, especially those thiol groups exposed to the extracellular space, are common
targets of sulfenylation examples include GAPDH, alpha-actin and creatine kinase (Pan &
Carroll, 2014).
Oxidative eustress transitions into distress at higher concentrations of intracellular
oxidizers. In this scenario, intracellular antioxidizing mechanisms are unable to keep up with
oxidizing stress and the cell undergoes maladaptive stress responses such as growth cycle arrest
and apoptosis (Sies, 2017). Doxorubicin (DOX), a commonly used anti-tumor anthracycline
antibiotic chemotherapeutic used to treat a wide variety of cancers, is efficacious at mitigating
cancerous cells but also initiates deleterious side effects such as increased mitochondrial reactive
oxygen species production (Min et al., 2015). Doxorubicin specifically amasses in cardiac
muscle tissue due to high mitochondrial density and impairs muscle function by redox cycling at
complex I or the electron transport chain inducing an excessive formation of reactive oxygen
species production by NADH dehydrogenase and subsequent cellular distress (Davies &
Doroshowo, 1986; Min et al., 2015).
The global impact of increased ROS distress from DOX treatment is decreased time to
skeletal and cardiac muscle fatigue and decreased muscle fiber force production presenting as
shortness of breath and increased heart rate to compensate for decreased left ventricular force
production, lowering stroke volume (Bredahl & Hydock, 2017).
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Statement of Purpose
The purpose of this study was to investigate global doxorubicin-induced hydrogen
peroxide-mediated cysteine sulfenylation (S-sulfenylation) of left ventricle muscle tissue protein
from Sprague-Dawley rats and to examine the role that a creatine monohydrate supplementation
loading-diet and non-loading diet play in managing doxorubicin treatment using dimedone-based
chemoselective labeling. This study examined global S-sulfenylation to further understand
reactive oxygen species post-translational protein modification.
Research Hypotheses
H1

Doxorubicin treatment will increase hydrogen peroxide mediated-oxidative
distress of left ventricle tissues in the Doxorubicin control when compared to the
saline and creatine supplementation groups in the form of decreased global
protein S-sulfenylation.

H2

The creatine loading-diet will offer greater protection to left ventricle tissues
against doxorubicin-induced hydrogen peroxide mediated oxidative distress
compared to saline control, Doxorubicin control and creatine diet groups as
shown by an increase of global protein cysteine-sulfenylation.
Need for the Study

As new antineoplastic therapeutics arise, the incidence of anthracycline use in treatment
of adult and pediatric cancer is reducing; however, anthracyclines are still indicated as the key
treatment for over half of breast cancer diagnoses and two thirds of pediatric chemotherapy
regimens (Saleh et al., 2020). Although the mechanistic pathophysiology of anthracyclineinduced cardiotoxicity is not completely understood, there is multimodal evidence of
doxorubicin-induced reactive oxygen species distress in cardiomyocytes leading to either acute
and/or chronic left ventricular dysfunction cardiotoxicity (Saleh et al., 2020). This study
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investigates the potential impact of dietary creatine supplementation, as an antioxidant, to initiate
greater balance to the mitochondrial cardiomyocyte redox environment such that there is a shift
from maladaptive to adaptive reactive oxygen species stress response.
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CHAPTER II
LITERATURE REVIEW
Doxorubicin
Doxorubicin (DOX; trade name AdriamycinÒ) is a secondary metabolite produced by
Streptomyces peucetius caesius and is a prolific cytotoxic anti-tumor anthracycline antibiotic
prescribed by physicians to treat a wide variety of cancers (Mobaraki et al., 2017). DOX is
highly cytotoxic and therefore efficacious at mitigating cancerous cells but also initiates dosedependent cardiotoxic side effects such as programmed cell death (apoptosis) and cardiac tissue
necrosis which negatively impact cancer survivor quality of life (Min et al., 2015).
A study on DOX-induced apoptosis in rat cardiomyocytes revealed that rat cardiac tissues
pre-treated with doxorubicin (0.5 µM) and recombinant Fas ligand (rFasL) displayed a
significantly higher incidence of terminal deoxynucleotidyl-transferase-mediated dUTP nick
end-labeling (TUNEL) positive cardiomyopathy and a significant decrease in cell viability as
compared to tissues without DOX pre-treatment (Yamaoka et al., 2000). This study also
morphologically exemplified DOX-induced cardiotoxicity and necrosis by those cultured
cardiomyocytes pre-treated with DOX exhibiting higher nuclear apoptotic body formation when
stained with Hoeschst 33248 which shows in vitro cardiotoxic effects of doxorubicin (Yamaoka
et al., 2000). From the in vivo perspective, a study observing left ventricular function in 67 adults
(45 male, mean age 50 ± 18 years) receiving chemotherapeutic DOX treatment found that 26%
of study participants, without pre-existing cardiovascular conditions, developed cardiotoxic side
effects as measured by a significant decrease (P< 0.001) in ejection fraction (59.10% ±
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7.05%) compared to baseline (63.92% ± 8.95%) and low dose (62.00% ± 7.11%) groups
(Belham et al., 2007). Significantly decreased ejection fraction indicates a DOX-induced
decrease in quality of life by showcasing left ventricular cardiomyopathy such that a
significantly lower amount of blood is pumped into systemic circulation with each left
ventricular contraction.
Doxorubicin and Reactive Oxygen Species Stress
DOX amasses in cardiac muscle tissue causing multifaceted damage by metabolite
accumulation in cardiomyocyte organelles with several proposed targets including increased
mitochondrial reactive oxygen species (ROS) production and topoisomerase IIb inhibition (Min
et al., 2015). Chaiswing and colleagues (2004) support that the mitochondrion is the most
massively impacted subcellular organelle to DOX accumulation due to the highly reactive
quinone group in DOX’s chemical structure reacting with endogenous mitochondrial enzymes
such as cytochrome P450, in the presence of NADH dehydrogenase, and nitric oxide synthase to
form a semiquinone free radicals such as superoxide. Their study showed a significant increase
(P£0.05) in 4-hydroxy-2-nonenal (4-HNE, a biochemical indicator of mitochondrial dysfunction)
levels and ultrastructural damage of mitochondria, in vivo, as compared to cytoplasm and the
nucleus were identified in B6C3 mice treated with a single DOX dose (20mg/kg), measured by
immunogold electron microscopy and computer imaging techniques, at three-, six- and 24-hours
post treatment (Chaiswing et al., 2004). A significant increase in mitochondrial dysfunction, by
DOX treatment over time, leaves the mitochondrial redox balance of the cardiomyocyte
vulnerable to negative biochemical coping responses such as pro-apoptotic pathways which
ultimately can lead to chronic cardiac dysfunction (Chaiswing et al., 2004; Mobaraki et al.,
2017).
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Another study showed that DOX-induced ROS stress is a consequence of DNA
intercalation of the DOX molecule inhibiting topoisomerase IIb activity and thereby upregulating
hydrogen peroxide production through NAD(P)H oxidase activation (Mizutani et al., 2005).
Mizutani and colleague’s study measured changes in mitochondrial membrane potential and
caspase-3 activation which follows upregulation of hydrogen peroxide production in both a
human leukemia cell line (HL-60) and a H2O2-resistant sub-line (HP100) and found that seven
hours after incubation with DOX, HL-60 cells exhibited DNA cleavage by DNA ladder
formation and HP100 cells did not. Furthermore, changes in mitochondrial membrane potential
measured by the mitochondrial permeability transition assay (MPT) showed DOX-treated HL-60
cells exhibited a marked increase in membrane potential at four-, and six-hour time points as
compared to no change in DOX-treated HP100 cells revealing a change in superoxide anion
concentration and therefore hydrogen peroxide concentration. Caspase-3 activity was
significantly increased in DOX-treated HL-60 and HP100 cell lines as observed by fluorometric
assay which mechanistically follows an increase in both hydrogen peroxide concentration and an
increased mitochondrial membrane potential. This study clarifies potential mechanisms for
DOX-induced hydrogen peroxide-mediated apoptosis and supports an increase in ROS stress
specifically a H2O2-mediated stress at the mitochondrial membrane.
Hydrogen Peroxide-Mediated Oxidation
and Cysteine Sulfenylation
Intracellular hydrogen peroxide concentration, under normal physiological conditions,
usually range from 1-10 nM while higher concentrations trigger adaptive, bio generative stress
responses and inflammatory adaptations via cell signaling pathways of Nrf2/Keap1 or NF-kb
(Sies, 2017). From a recent proteomic study profiling peroxisome-derived H2O2 sulfenylation
redox targets in mammalian cytosolic and mitochondrial environments, sulfenic acid formation
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was identified as a key intermediate in H2O2-signalling within the mitochondrial sulfenome such
that cysteine oxidation events were observed in multiple varieties of protein families including
antioxidant enzymes, cytoskeletal proteins, and chaperones (Li et al., 2021). As intracellular
H2O2 concentrations exceed 100 nM, oxidative distress outweighs eustress and maladaptive
instead of bio-generative cellular processes are favored due to excessive oxidative load
(Mobaraki et al., 2017; Sies, 2017).
A measure of oxidative load can be identified by cysteine sulfenylation events which are
the consequence of the first H2O2-mediated oxidation state of cysteine thiolates forming sulfenic
acid (Carroll et al., 2009). A profiling mechanism for protein thiol oxidation and subsequent
sulfenic acid formation detection was developed by Carroll and colleagues through the Life
Sciences Institute and the University of Michigan by developing a chemo-selective labeling
technique using the antibody 2-thioldimedone-IgG. Their study on profiling sulfenic acid
residues in 40 pairs of tumor and non-cancerous adjacent breast tissue samples from ductal
carcinoma patients with a histological grade range of I-III and age range of 35-85 years used a
novel dimedone-based profiling mechanism to identify cysteine thiolate sulfenic acid formation.
They found that when comparing two age groups (35-49 years, n=20, 50-85 years, n=18) the
younger age group exhibited three times as many individuals with an elevated thiol oxidation
status within malignant tissue (indication of tumorigenesis), relative to the paired non-cancerous
sample elucidating that the expression of oxidant responsive genes are more diverse in the
sulfenome of younger individuals. These results exemplify a maladaptive ROS stress response
that is mechanistically defined through H2O2-mediated S-sulfenylation.

10
Creatine and Reactive Oxygen Species Stress
Creatine has the potential to act as an antioxidant and quench aqueous radical species,
such as superoxide, which could help mitigate deleterious effects of high intracellular ROS stress
(Lawler et al., 2002). In an in vitro study on the direct antioxidant properties of creatine, a direct
dose-dependent relationship (r=0.88) was found between the antioxidant scavenging capacity
(ASC) with mean ± SEM values of 3.46 ± 0.78, 11.47 ± 2.96, 17.79 ± 1.49, 26.69 ± 2.41 µmol
Trolox equivalents and respective creatine concentrations of 0, 20, 40, and 60 mM measured by
the oxidizing agent ABTS+ removal (Lawler et al., 2002). Furthermore, this study also found a
measurable, but insignificant, increase for 40 mM of creatine to quench 10 mM H2O2 determined
by concentration of catalase equivalents as compared to the control H2O2-quenching ability
(Lawler et al., 2002). Creatine has also been proposed to act as an antioxidant in vitro by
diminishing intracellular oxidative damage induced by 2, 2'-azobis (2-amidinopropane)
dihydrochloride (AAPH) and hydrogen peroxide (H2O2) to human erythrocytes and lymphocytes
(Qasim & Mahmood, 2015). In their study on creatine’s possible antioxidant role in blood they
found that human erythrocytes treated with AAPH and H2O2, in the absence of creatine, had a
higher incidence of hemolysis, protein carbonyl formation, lipid peroxidation, and
methemoglobin levels.
The role of creatine’s antioxidant activity in vivo has been investigated in different
disease domains such as Duchenne muscular dystrophy and Huntington’s disease. A clinical case
study on oral creatine supplementation of a 9-year-old male with Duchenne muscular dystrophy
reveled that over a 155-day oral creatine supplementation protocol, clinical symptoms
diminished such that throughout the course of the study the patient exhibited an increase in
general muscular strength, a decrease in accidental falling and recovered the ability to climb
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stairs and ascend sloped inclines (Felber et al., 2000). Within the scope of Huntington’s disease,
a study on the neuroprotective effects of creatine and cyclocreatine revealed that oral creatine
supplementation significantly reduced malonate and 3-nitropropionic acid (3-NP) which are
known inhibitors of succinate dehydrogenase and cause impaired energy metabolism (Matthews
et al., 1998). This study showed that oral creatine supplementation ameliorated peroxynitritemediated oxidative injury as measured by a decrease in 3-NP-induced 3-nitrotyrosine
concentrations (Matthews et al., 1998).
Furthermore, a non-mammalian in vivo study of rotenone-induced mitochondrial
oxidative damage in creatine supplemented Drosophila melanogaster, endogenous levels of
oxidative markers were significantly lower in Drosophila tissue homogenates exposed to
creatine supplementation (2-10 mM) and 10 mM creatine supplementation noticeably offset
mitochondrial oxidative stress and re-established superoxide dismutase activity among rotenoneexposed flies (500µM) (Hosamani et al., 2010). These results suggest the potential for creatine
supplementation to help maintain healthy oxidative mitochondrial tone specific to redox cycling
as exemplified by marked improvement of oxidative stress in respiratory chain I complex
inhibition by rotenone.
Conclusion
Doxorubicin is known to cause severe, dose-dependent, cardiotoxicities that negatively
impact cancer survivorship and quality of life. Although the exact pathophysiological
mechanisms of DOX-induced cardiotoxicity are not yet fully understood, there is significant
evidence that suggests reactive oxygen species distress, specifically within the mitochondrion,
contributes to left ventricular cardiomyopathy. ROS stress is multifaceted and involves both
transcription dependent and independent cellular signaling metabolites the most prolific
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transcription independent metabolite being hydrogen peroxide. One mechanism of identification
of hydrogen peroxide-mediated reactive oxygen species stress in the post-translational setting is
by sulfenic acid formation of cysteine thiolates of the intracellular sulfenome. Excessive
oxidative load perpetuates maladaptive cellular responses such as tumorigenesis and cell death
and could potentially be abrogated by the antioxidant effects of dietary creatine monohydrate
supplementation.
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CHAPTER III
METHODOLOGY
Experimental Design
The effect of dietary creatine supplementation on doxorubicin-induced hydrogen
peroxide-mediated reactive oxygen species stress was investigated using left ventricular tissue
samples from 38 male, 10-week-old Sprague Dawley rats (approximately 300 g body mass)
obtained from Envigo (Indianapolis, IN) which were randomly assigned to one of two, fourweek creatine feeding groups or a four-week standard rat chow feeding group. Nine animals
comprised creatine feeding group one (Cr1) and were fed rodent chow with two percent creatine
monohydrate ad libitum for a duration of four weeks. Nine animals comprised creatine feeding
group two (Cr2) and were fed rodent chow supplemented with 4% creatine monohydrate ad
libitum for one week, followed by three weeks of 2% creatine monohydrate supplemented chow.
Twenty animals were assigned to the control group and were fed standard rodent chow without
creatine supplementation, ad libitum for four weeks.
At the completion of the four-week nutritional intervention, control group animals were
randomly assigned into a 15 mg/kg doxorubicin hydrochloride (Dox) injection (Wedgewood
Pharmacy, Swedesboro, NJ) group (Con+Dox, n=10 or a sterile saline (Sal) injection (0.9%
NaCl) group (Con+Sal, n=10), and continued their respective dietary feeding protocols. Cr1 and
Cr2 group animals received Dox injections (Cr1+Dox, n=9, Cr2+Dox, n=9). Animals were then
sacrificed at five-days post injection at which point the heart was excised, the coronary
circulation flushed with sterile saline (0.9% NaCl) via retrograde perfusion of the aorta, placed in
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1.5 mL Eppendorf tubes and snap frozen in liquid nitrogen at -80°C until subsequent
biochemical analyses.
Animals and Animal Care
All animal care and use procedures in this study followed the Animal Welfare Act
guidelines and were approved by the University of Northern Colorado’s Institutional Animal
Care and Use Committee (IACUC). The 38 male Sprague Dawley rats purchased from Envigo
(Indianapolis, IN) were housed in the University of Northern Colorado’s Animal Research
Facility, given rat chow, either standard or supplemented with creatine monohydrate, and water
ad libitum. The animals were housed one per cage in 12:12 hour light/dark cycles within a
temperature-controlled environment.
Biochemical Analyses
Cardiac Tissue Homogenization
and Dimedone Labelling of
Tissue Lysate
Cardiac tissues were thawed over ice and 10 mg of tissue was weighed, placed in a 2mL
microcentrifuge tube and washed with 100 µL ice cold TBST buffer (50 mM Tris–HCl, 150
mM NaCl, 0.1% (v/v) Tween-20, pH 7.5) for 2 x 5 minutes. Washed tissue was placed in a glass
Cole-Parmer mechanical shearing tube (2 mL size) and suspended in 1 mL of ice-cold Dimedone
cell lysis buffer (1 mM dimedone, 0.1% TX100, 0.012 M Na2HPO4/0.003 M Citric acid, pH 6
with protease inhibitors (Pierce, EDTA-Free). The tissue sample was mechanically sheared using
a plain tip plunger (Cole-Parmer), over ice, for 30 mechanical passes, or until the tissue had
visually gone into solution. The tissue homogenate was centrifugated at 12,000 rpm for 20
minutes at 4 °C, the supernatant collected, and the protein concentration of tissue lysate
supernatant was calculated by the Bradford assay (Bio-Rad) to determine the total protein
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concentration per sample. Bradford assay data were used to calculate the volume of supernatant
needed to achieve a standardized protein concentration of 20 µg/µL. The samples were
standardized using the Dimedone Cell Lysis buffer, after which an equal volume (to the sample
standardized volume) of 2X Laemmeli buffer was added, and the sample preparations were
stored at -80°C until Western blotting analysis.
Western Blot
The prepared cardiac tissue lysate was analyzed by Western Blotting to quantify global
protein sulfenylation of cysteine residues via chemo selective labelling of protein sulfenic acid
formation by dimedone. The polyclonal primary antibody, 2-Thiodimedone-Specifc Ig (Cat. #
ABS30, Lot # 3539809) was from Millipore Sigma Corp. (Temecula, CA) and the monoclonal
secondary antibody, goat anti-rabbit IgG-HRP (Lot# L1015) was from Santa Cruz Biotechnology
Inc. (Dallas, TX). Tissue lysate samples were thawed, boiled for two minutes, and placed on ice
for 10 minutes prior to gel loading. The samples were then vortexed prior to loading into 10-well
WedgeWell 4 to 12%, Tris-Glycine, pre-cast mini polyacrylamide gels (Thermo Fischer
Scientific, Walthman, MA). The gel ran in Tris-Glycine running buffer at 125 V and 40 mA for
approximately 2.5 hours, until the gel protein bands passed into the foot of the gel.
The proteins were transferred onto PVDF membrane for 90 minutes at 25 V and 100 mA
and was ensured complete by the presence of SeeBlue Plus2 protein ladder (Novex,
LifeTechnologies) on the PVDF membrane. The PVDF membrane was rinsed with 20 mL of
deionized water three times for five minutes and then blocked with Superblock (Thermo Fischer
Scientific, Walthman, MA) for 1 hour at room temperature. The PVDF membrane was rinsed
with 20 mL of deionized water three times for five minutes and then 20 mL of primary antibody
was added and membrane incubated at room temperature, under continuous gentle rocking, for
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15-18 hours. After incubation, the primary antibody was decanted and the membrane washed
with 20 mL of ice-cold TBST, three times for five minutes with TBST and then rinsed with 20
mL of deionized water, three times for five minutes. 20 mL of secondary antibody was added,
and the membrane incubated at room temperature, under continuous gentle rocking for one hour.
The secondary antibody was decanted, and the membrane washed with 20 mL of ice-cold TBST,
three times for five minutes with TBST and then rinsed with 20 mL of deionized water, three
times for five minutes.
The membrane was developed in four mL of SignalFire ECL Reagent (Cell Signaling
Technology Inc., Danvers, MA) and then visualized on the Azure 300 imaging system (Azure
Biosystems, Inc., Dublin, CA). Protein bands were quantified using ImageJ software and
represented graphically in Figure 1 (NIH: Bethesda, MD). Protein loading was normalized by
staining the PVDF membrane in Ponceau S Red for total protein visualization and subsequent
quantification using ImageJ software represented graphically in Figure 2 (NIH: Bethesda, MD).
Five PVDF membrane images were quantified in total and the sample set up visualized on each
membrane and seen graphically represented in Figures 1, 3 and 4 is Control+Sal, Control+Dox,
Cr1+Dox, Cr2+Dox.
Statistical Analyses
Data are presented as mean±SEM. One-way analysis of variance (ANOVA) was
performed using GraphPad Prisim software to measure the differences in global sulfenylation
between groups. When a significant P-value was observed, Tukeys post hoc test was performed
to establish where differences existed. An alpha level of 0.05 was set to indicate statistical
significance.

17

CHAPTER IV
RESULTS
The purpose of this study was to investigate global doxorubicin-induced hydrogen
peroxide-mediated cysteine sulfenylation (S-sulfenylation) of left ventricle muscle tissue protein
from Sprague-Dawley rats and to examine the role that a creatine monohydrate supplementation
loading-diet and non-loading diet play in managing doxorubicin treatment using dimedone-based
chemoselective labeling. This study examined global S-sulfenylation to further understand
reactive oxygen species post-translational protein modification. Immunoblots of global Ssulfenylation revealed a markedly darker protein band across the majority of sample sets;
therefore, the optical density of these dark bands were also examined to further investigate posttranslational S-sulfenylation events.
Figure 1 illustrates that there are no statistically significant differences between nonnormalized global cysteine sulfenylation between groups. Figure 2 is a sample immunoblot of
global S-sulfenylation of sample sets 9 and 10.
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Figure 1
Global S-Sulfenylation Values of Rat Cardiac Tissue Samples
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Note. OD= Optical Density, Control+Sal, n= 10, Control+Dox, n=10, Cr1+Dox, n=9, Cr2+Dox
n=9. OD values are not normalized to total protein. Data values are presented as mean±SEM.
Figure 2
Immunoblot of Non-Normalized Global S-sulfenylation from Sample Sets 9 and 10

Note. From left to right, MagicMark XP Western Standard, Control+Sal (9), Control+Dox (9),
Cr1+Dox (9), Cr2+Dox (9), Control+Sal (10), Control+Dox (10), Cr1+Dox (10), Cr2+Dox (10),
and SeeBlue Plus 2 Protein Ladder.
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As shown in Figure 3, there were no statistically significant differences when global Ssulfenylation was normalized to total protein.
Figure 3
Global S-Sulfenylation Values Normalized to Total Protein in Rat Cardiac Tissue Samples
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Note. OD= Optical Density, Control+Sal, n= 10, Control+Dox, n=10, Cr1+Dox, n=9, Cr2+Dox
n=9. OD values are normalized to total protein. Data values are presented as mean±SEM.
As shown in Figure 4, there was a significant difference of an identified dark band Ssulfenylation between groups (p<0.05). Post hoc testing revealed that there was a significantly
higher incidence of dark band S-sulfenylation in the Control+Sal group compared to the
Control+Dox group. There was also an observed trend of higher dark band S-sulfenylation in the
Cr1+Dox and Cr2+Dox groups compared to the Control+Sal and Control+Dox groups;
furthermore, the C2+Dox group showed the highest difference of dark band S-sulfenylation
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between Cr1+Dox and Cr2+Dox groups and Control+Sal, while Control+Dox exhibited the
lowest incidence of dark band S-sulfenylation across groups.
Figure 4
Dark Band S-Sulfenylation Values of Rat Cardiac Tissue Samples
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Note. OD= Optical Density, Control+Sal, n= 6, Control+Dox, n=6, Cr1+Dox, n=5, Cr2+Dox
n=6. OD values are not normalized to total protein. Data values are presented as mean±SEM.
Figure 5
A Partial Immunoblot of Dark Band Protein S-Sulfenylation from Sample Sets Nine and Ten

.
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CHAPTER V
DISCUSSION
This study investigated the novel effect of dietary creatine supplementation, as an
antioxidant, to initiate greater balance to the hydrogen-peroxide mediated cardiomyocyte redox
environment. The main finding of this study is that there was not a statistically significant
difference from a maladaptive to adaptive hydrogen peroxide-mediated reactive oxygen species
stress response as measured in the form of global cysteine sulfenylation. However, as shown in
Figure 4, there was a protein band identified that exhibited significantly higher S-sulfenylation in
the Control+Sal group when compared to the Control+Dox group. Although not significant,
there was a trend toward an increase in S-sulfenylation in both the Cr1+Dox and Cr2+Dox
groups, the highest of which being Cr2+Dox group, compared to the Control+Dox group. These
results indicate that from the global perspective there were no significant differences in Ssulfenylation of the post-translational sulfenome of rat cardiac tissues supplemented with dietary
creatine monohydrate and treated with DOX.
The lack of statistical significance of global S-sulfenylation events among groups, seen in
Figure 1 and 2, in this study could be due to several factors such as genomic differences between
groups from DOX-induced transcriptional changes effecting the expressed and studied
sulfenome. DOX-induced cardiotoxicity has been mechanistically proposed to directly affect
DNA transcription within cardiomyocytes by DNA intercalation of DOX thereby inhibiting
topoisomerase IIb enzymatic activity, halting gene transcription and therefore impacting
downstream translational events (Min et al., 2015).
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The expressed sulfenome of each animal could also vary due to the impact of circadian
rhythm on reactive oxygen species stress and differences in animal sacrifice time. Studies on
reactive oxygen species stress and circadian rhythm have found that gene expression oscillates
through a cosine curve over a 24-hour period such that the gene expression begins at its zenith
point, halfway through the day reaches the nadir point and then returns to the starting peak level
(Wilking et al., 2013). Animal sacrifice times for this study started in the morning and continued
through the afternoon suggesting the possibility of different gene expression levels within each
animal group which could ultimately effect downstream sulfenome expression.
Furthermore, dietary creatine supplementation did not significantly abrogate global
hydrogen-peroxide mediated reactive oxygen species stress but there was a marked trend
observed among the dark band analysis which showed that Cr2+Dox animals (fed four percent
creatine monohydrate ad libitum for one week, followed by three weeks of two percent creatine
monohydrate supplemented chow) exhibited the greatest amount of restoration to adaptive
hydrogen-peroxide mediated ROS stress when compared to the Control+Sal animal group as
seen in Figure 4.
The dark band identified exhibits an approximate molecular weight within the range of
60-80 kDa. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) exhibits three highly reactive
cysteine residues such that the molecular weight of GAPDH with all three, two or one cysteine
moieties reduced with sulfenic acid, is approximately 81 kDa, 66 kDa, or 51 kDa respectively as
compared to the fully oxidized form of 36 kDa (Suzuki et al., 2019). It can therefore be
postulated that due to the highly reactive, cytosolic facing, cysteine moiety reduction potential of
GAPDH by hydrogen peroxide to form sulfenic acid, the dark band identified could be GAPDH
with two reduced cysteine moieties. GAPDH cysteine thiols are widely accepted to undergo
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oxidation, S-sulfenylation, in both plants and mammals (Huang et al., 2019; Pan & Carroll,
2014).
The potential identification of increased GAPDH S-sulfenylation among both
creatine+DOX groups compared to the control+DOX in this study not only implicates a novel
application for creatine monohydrate as an antioxidant but also questions the widely accepted
use of GAPDH as a loading control for immunoblotting protein normalization (Aldridge et al.,
2008). GAPDH is also a widely accepted “housekeeping gene” meaning that it is both
functionally necessary for basic cellular function and expressed under both normal and
pathophysiological conditions and is used as a protein control in many different biochemical
assay settings (Barber et al., 2005). Within the domain of biochemical analyses, the findings of
this study suggest that omitting a loading control susceptible to post-translational Ssulfenylation, such as GAPDH, could yield more accurate data on the actual reactive oxygen
species stress effect of doxorubicin.
An in vitro/in vivo study on the manipulation of Resveratrol-induced (RSV) autophagy to
promote survival and alleviate doxorubicin-induced cardiotoxicity showed that the combination
of RSV and DOX attenuated DOX induced cardiotoxicity in both cell culture and rat model via
an increase in AMPK/mTOR/Ulk1 pathway autophagy activity (Gu et al., 2016). This study used
GAPDH as a protein standard and relative protein expression of AMPK, p-AMPK, mTOR, pmTOR, Ulk1, and p-Ulk1 were all normalized to GAPDH expression and statistical analyses of
those data elucidated a decrease in apoptosis (despite the increased autophagy ratio) (Gu et al.,
2016). With evidence that GAPDH undergoes DOX-induced post-translational protein
modification by S-sulfenylation, perhaps the findings of this study are stifled by a compromised
protein standard normalization of GAPDH.
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Carroll, Seo and Berotozzi in their study on profiling thiol oxidation in tumor cells using
sulfenic acid-specific antibodies found that the use of a-actin as a loading control was effective
in determining equal protein loading because it is not compromised by sulfenic acid formation.
Alpha-actin is an appropriate loading control for mammalian muscle tissue due to it ubiquitous
expression and homology to all the actin isoforms (Eaton et al., 2013). With these
understandings, instead of using GAPDH as a loading control in biochemical analyses of tissues
treated with doxorubicin the use of a-actin would provide an unprejudiced loading control to Ssulfenylation events due to the lack of reactive, cytosolic facing thiol residues (Carroll et al.,
2009).
Conclusions and Further Applications
Even as new chemotherapeutics arise and the incidence of doxorubicin use in treatment
of adult and pediatric cancer is lower, anthracyclines such as doxorubicin are still indicated as
the key treatment for over half of breast cancer diagnoses and two thirds of pediatric
chemotherapy regimens (Saleh et al., 2020). It is therefore relevant to further avenues of research
into understanding how dietary supplements, such as creatine monohydrate, affect doxorubicininduced cardiotoxicities. This study provides a platform to pursue future research into
sulfenomic differences between animal tissues treated with doxorubicin and supplemented with
dietary creatine monohydrate.
Specifically, to further elucidate an antioxidant effect of creatine on either a global or
individual protein level, more extensive biochemical analyses and proteomics should be
performed. A potential future workflow could be protein isolation from tissues, sample
fractionation to enrich post-translationally modified proteins and deplete highly abundant, nonrelevant proteins, and performance of either a top-down or bottom-up proteomic analysis. A
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bottom-up proteomic analysis could be the most relevant for further identification of globally Ssulfenylated proteins because all peptides from the entire protein mixture are elucidated using
liquid chromatography and then mass spectrometry. The dark band identified in this study could
be identified specifically with a top-down proteomic analysis approach by separation of proteins
by 2D-gel electrophoresis, and then performing mass spectrometry only on protein peptides of a
specific isoelectric point and molecular weight.
This study could be applied in the clinical setting not only to further understand the
effects of dietary creatine supplementation on DOX-induced reactive oxygen species stress but
also how the presence of cancer impacts the potential antioxidant effect of creatine and
cardiotoxic effects of doxorubicin. It is understood that doxorubicin-induced cardiotoxicities
negatively impact quality of life and can impart life-long physiological impairments that extend
far into cancer remission (Saleh et al., 2020). This provides the impetus for continued research
into palliative treatment options to improve cancer survivorship which aim to diminish chemoinduced cardiotoxicities and ultimately increase quality of life.
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